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Abstract-For some physically-disabled persons, the conventional computer keyboard may be in- 
appropriate as a usable communication device. They instead require an assistive tool for entering text 
into a computer or for word-processing for purposes of augmentative and alternative communication 
in their daily lives. In this study, Morse code is selected as one possible adapted access commu- 
nication method for persons with impaired hand coordination and limited dexterity. Inherently, a 
stable switch activation rate is strictly required for the most accurate recognition of Morse code, 
However, because maintaining a stable switch activation rate is a challenge for many persons who are 
physically disabled, automatic recognition of Morse code with standardized computer programs is 
hifficult. Therefore, a suitable adaptive automatic recognition method is needed. This study presents 
a least-mean-square algorithm applied to adaptive Morse code recognition. Four processes are in- 
volved in this adaptive Morse code recognition method: space recognition, tone recognition, adaptive 
processing, and character recognition. Statistical analyses demonstrated that the recognition rate of 
the proposed method resulted in an 83% improvement over alternative methods described in previous 
literature. @ 2002 Elsevier Science Ltd. All rights reserved. 
Keywords-Morse code, Adaptive signal processing, Least-mean-square algorithm, Friedman 
test, Multiple comparison test, Adapted computer access, Assistive technology. 
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1. INTRODUCTION 
Most technological products now are designed for persons with normal-range abilities, and thus 
often inaccessible to disabled users. Regrettably, technological innovations have not yet been 
adjusted enough to improve the daily lives of persons who have disabilities. Often, disabled per- 
sons need augmentative tools in order for them to use technological devices originally designed 
for abled users. Notably, persons with physical impairments have difficulties in effectively com- 
municating with others. Thus, several adapted communication devices have been designed or 
developed to improve their communication ability [l-12]. 
Of all adapted technological devices, those that combine computer software and hardware are 
most commonly selected. Main input devices for computers include the mouse and keyboard, 
both designed for persons with typical entry capabilities. Unfortunately, the traditional computer 
keyboard often cannot provide a conventional communication tool for physically disabled people, 
despite their needs in daily life and work for entering text into a computer or word-processor 
for purposes of augmentative and alternative communication to overcome this barrier. Many 
computer assisted key-in systems have been developed for persons who are disabled, such as a head 
mouse, a mini-keyboard, a king-sized keyboard, a trackball, a joystick, alternative keyboards, 
keyguards, and touch screens [13,14]. Also, many researchers, in addressing this dilemma, have 
focused on a set using a minimum of switches for these input devices, ideally approaching a 
single key-press per selected character. To help a person whose hand coordination and dexterity 
are impaired by such disabilities as muscle atrophy, cerebral palsy, or other severe handicaps, a 
substitute keyboard is necessary, with one possible adaptive tool being Morse code. Morse code 
entry into the computer, with an easily-operated, single switch system, has often been selected 
as an excellent adapted communication device [l-6,8,12,15]. 
To use Morse code effectively as a communication tool, a stable switch activation rate is strictly 
required to obtain a high character recognition rate by the software used. However, this restriction 
is a major hindrance for persons with physical disabilities who want to use Morse code. It is 
especially difficult for handicapped users to maintain precise time intervals, and therefore their 
typing speed is often unstable. In this case, a suitable adaptive automatic recognition method 
is needed. Presently, a least-mean-square (LMS) algorithm [16] is one of the most commonly 
used algorithms in adaptive signal processing. In this study, two unstable elements, press-down 
time (dot or dash) and release time (space), need to be predicted. The LMS algorithm is used to 
predict an incoming unstable press-down time. A new approach is used to predict an unstable 
release time. The results of the experiments reveal that the proposed method provides a much 
improved recognition rate compared to previous results in the literature [3,4]. In the following 
section, the new Morse code recognition method is introduced. Experimental results are presented 
in Section 3. Finally, concluding remarks are made in Section 4. 
2. METHOD 
Morse code is a simple, fast, and cheap communication method, which uses dots, dashes, and 
intervals to represent different symbols, numbers, and punctuation. The length of time of each 
signal distinguishes dots, dashes, and intervals. According to the definition of Morse code, the 
tone ratio of dot to dash has to be 1 : 3 [17]. This means that if the duration of a dot is taken to 
be one unit, that of a dash has to be three units. In addition, the silent ratio for dot-dash space 
to character-space also has to be 1 : 3. In other words, the space between the components of one 
character is one unit and between characters three units. 
According to the experience of many users with physical disabilities, automatic recognition of 
Morse code is a challenge because it is difficult to maintain a stable switch activation rate [3,4]. 
In 1996, Luo and Shih [3] proposed a system that could recognize varying typing speeds using 
an adaptive technique, a least-mean-square (LMS) algorithm. However, to successfully recognize 
a message under unstable typing conditions, their proposed system was limited to a variation of 
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typing speed (switch activation) between 0.67 to two times the current typing speed. That meant 
that if a disabled person was insufficiently trained, the system might fail to recognize the Morse 
code message correctly. Therefore, for most beginners or people with very serious disabilities, the 
proposed method could not be effectively applied. Subsequently, Shih and Luo [4] proposed an 
improved method that combined the least-mean-square algorithm with a character-by-character 
matching technique to overcome this restriction. 
In this study, we solved the problem with no limitations placed on typing speed variation. The 
Morse code recognition method proposed here is divided into four modules: space recognition, 
tone recognition, adaptive processing, and character recognition. Initially, an input data stream 
is sent individually to tone recognition and space recognition, which are baaed on key press-down 
(tone element) time or key-release (space element) time. In the tone recognition module, the tone 
element value is detected as a dot or a dash first, and then sent to adaptive processing. Because 
maintaining a stable typing rate is difficult for a disabled person, the system also has to store 
a user’s current typing speed. Simultaneously, in the tone buffer section, the recognized tone 
element (dot or dash) and each unrecognized tone element are saved in a dot-dash buffer and a 
tone element buffer. In space recognition, the space element value is recognized as either a dot- 
dash space or a character space. The dot-dash space is the space that exists within a character, 
whereas character space is the space that exists between isolated characters. If a character space 
is obtained, then the value(s) in the tone buffer is (are) sent to character recognition. To account 
for variable typing speeds, both the space element value and the tone element value have to be 
adjusted. The tone element value is recognized first. If the tone element value is recognized 
as a dash, it is divided by a constant (3.0) before being fed into the adaptive processing stage. 
Otherwise, the tone element value feeds directly into the adaptive processing stage. The silent 
element value is sent into the silent base adjustment. Then, the character is identified in the 
character recognition. 
A Morse code character, xi, is represented as follows 
Q(G), h(G), . . . , ej(Xi), bj(Xi), . . . , e&i), h&i), 
where 
ej (xi) the duration of the ith Morse code element of the input character xi; when a key is 
pressed down, it is represented as a ‘dot’ or ‘dash’. 
bj (Xi) the space between characters, or the space between words; the duration of the ith 
space of the input character xi; when a key is released, it is presented as one of two 
spaces: dot-dash space or character space. 
n the total number of keyed-in Morse code elements in xi. 
mj(Xi) a dot or dash recognized from ej(xi) (see Figure 1). 
Figure 1. Block diagram of the Morse code recognition system. 
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2.1. Space Recognition 
In space recognition, the silent-base is the criterion used to distinguish whether a silent element 
represents a dot-dash space or a character space. The procedure for space recognition is shown 
below. 
(1) Assign the index j = 1. 
(2) If bj(zi) < silent-base, then go to Step 3, otherwise go to Step 4. 
(3) Save ej(zi) and let j = j + 1, then go to Step 2. 
(4) The Morse code elements in character xi are encoded as ej(xi) for j = 1 N n. 
(5) To separate the next character, if any, go to Step 1. 
At first, the initial silent-base is absent. To determine the initial silent-base, the first nine value 
of silent elements are taken ss reference values and sorted in descending order. Once the sorting 
is done, the element values are compared to each other to determine their relationship; they are 
either recognized as “long” or “short”. “Long” means that a value is at least twice as large as 
any other value. Smaller values are defined as “short”. After the “long” or “short” relationship 
is determined, the s3_base and sl_bsse represent the average of the long silent values and the 
short silent values. The resulting final values are then used to calculate the initial silent-base. 
silentsum = average of the long silent values + average of the short silent values 
silent-ratio = 
average of the long silent values 
average of the short silent values 
silent-base = 
silent_avg 
silent-ratio 
To illustrate how this process works, a Morse code digital stream is symbolized by the following 
numbers: 251 133 240 329 56 _l3J 244 152 52 555 126 314 109 J5J 136 @ 368 242 142 a, in 
which odd position data are defined as tones, while even position data (underlined) are defined 
as spaces. The first nine silent values are thus 133 329 131 152 555 314 157 64 242. After sorting, 
the descending order of these nine values is 555 329 314 157 153 133 131 109 64. The first three 
values (555 329 314) are at least or more than twice ss large as any other value in the sample 
data stream, and thus are long silent values. Since the remaining values are less than half as 
large as any of the first three values, they are categorized as short silent values. Thus, the sample 
data stream can be calculated as follows. 
silentsum 555 + 329 + 314 157 + 152 + 133 + 131+ 109 + 64 _ 
3 
+ = 
6 
523 66 
silent-ratio = 
(555 + 329 + 314)/3 
= (157 3*21 + 152 + 133 + 131+ 109 + 64)/6 1
silent-base = 
523.66 
- = 163 
3.21 
As a result, the sl_bsse, s3_base, and silent-base are 124, 399, and 163, respectively. Once the 
initial standard space length is determined, it can be used to distinguish between dot-dash space 
and character space. 
2.2. Silent Base Adjustment 
Because maintaining a stable typing rate is difficult for persons with disabilities, the silent-base 
value has to be modified for each silent element set in order to improve the recognition rate. Thus, 
each silent element value is compared to the silent-base. If the silent element value is larger than 
silent-base, it is represented as a character space; otherwise, it is represented as a dot-dash space. 
When a character space is obtained, the sSbase can be updated by taking the average of the 
character space value and s3_base. Similarly, a new sl-base is obtained from the average of 
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dot-dash space value and sl_base. Then, as described above, the ratio of new silent-sum to new 
silent-ratio is the new adjusted silent-base. The new silent-ratio is either the ratio of s3_bsse to 
new sl_base or the ratio of new s3_base to sl_base. Likewise, the new silentsum is either the 
sum of s3_base and new sl_base or the sum of new s3_base and sl_base. 
In the above example, silent-base is 163, sl_base is 124, and s3_base is 399. Since the first 
silent element of the data stream, 133, is smaller than silent-base, 163, this silent element is 
represented as a dot-dash space, and the new sl_base is (133+124)/2 = 129. The new silent-ratio 
is 399/129 = 3.09, and the new silent-sum is 399 + 129 = 528. Thus, the new silent-base is 
528/3.09 = 171. 
2.3. Tone Recognition 
According to the definition of Morse code, the tone ratio for dot to dash has to be 1 : 3. Thus, 
the entire Morse code can be represented by a combination of the numbers 1 and 3. As shown 
in Figure 2, for example, the set of Morse code elements for representing the letter ‘C’ is ‘- . -.‘, 
which can be symbolized by (3,1,3,1). 
A B C 
.- - . . . -.-. 
(L3) (3,1,&l) (3, 1,3,1) 
Figure 2. A simple representation of Morse code characters. 
Because each person has an individual typing speed, the dot and dash value cannot be set to 
a default value by the system. Consequently, to recognize an unknown character from a set of 
Morse code elements, the tone-base value has to be determined first. Based on the tone-base 
value, each element can be determined to represent either a dot or a dash in a manner similar 
to that of the silent-base value. At first, the values of a tone element set are taken as reference 
values. Then, all of the values taken are compared and sorted based on their relationship to 
one another. A long tone value means that the value is more than twice as large as any other 
tone value. Conversely, if a value is less than half as large as any other tone value, the smaller 
value is represented as a short tone value. Finally, the average value of these tone elements is 
calculated and assigned to be the tone_avg value. If, during the analysis process, the values in 
a tone element set cannot be determined to be either long or short, this tone set is skipped and 
the next tone element set checked until a long and short tone value can be obtained. Then, the 
tone-avg value can be calculated by using this tone element set. Upon obtaining the toneavg 
value, each tone element is read in, one by one. Whenever an element is read, it is immediately 
identified as a dot or a dash in the following manner. If the element is more than twice as large as 
the tone_avg value, then it is represented as a dash. Otherwise, it is represented as a dot. During 
the tone recognition, the ‘dash’ component is isolated, and then divided by a constant (3.0). The 
resulting value is then sent into adaptive processing. For the ‘dot’ component, the tone element 
value is directly sent into adaptive processing. 
In the above data stream sample, the first character set is 251 and 240. Since the values 251 
and 240 are neither more than twice as large nor less than half as large as any other tone value, 
they cannot be determined to be either long or small values. The secondary character set is 
56, 244, 52. Since values 56 and 52 are short tone values, and value 244 is a long tone value, 
this secondary tone element set is taken as a reference value. Then, the tone_avg values can be 
calculated. The dot and dash values are taken from the secondary tone element set, with dot 
being: 56, 52, and dash: 244. 
244 
tone_avg = 3+56+52 
> 
; =63. 
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In this example, the tone-avg is 63. This tone_avg is sent into adaptive processing as the initial 
value of Q, while the initial tone-base value is also set to 63. The initial tone-base value can 
now be used to recognize each tone element, such as the first tone element, 251, which is more 
than three times as large as tone-base; thus, it is represented as a dash. This tone element, 251, 
is then divided by three and the resulting value sent into adaptive processing to obtain a new 
adjusted tone-base. This process is repeated until the data stream ends. 
2.4. Adaptive Processing 
The variable-degree, variable-step size LMS (VDVSLMS) algorithm used in the presented sys- 
tem serves to cleverly alter the tone-base in order to predict an unstable typing speed [18]. This 
change utilizes the current data to compute a new weight vector using the weight update recur- 
sion of the standard LMS with step size p (161. p is a time-invariant feedback parameter. The 
input vector of the system is denoted by X( n , w ) h ere X(n) is the vector of the nth most recent 
input data. The VDVSLMS equation generated by the weight update recursion of the algorithm 
is the following: 
W(n + 1) = W(n) - cun(n)V(n), (1) 
with 
Q2(71) = 2cL (1 - PXTb)X(4) I (2) 
where the index of as(n) is used to indicate the degree, and 
9(n) = -2e(n)X(n) (3) 
is an estimate of the gradient. 
E(n) = d(n) - XT(n)W(n), (4 
s(n) is the error where d(n) is the scalar desired signal. The feedback parameter, CL, is not a 
constant as it was in the LMS recursion, but is time-variant. ~1 is the step-size parameter that 
controls the speed of convergence as well as the steady-state and/or tracking behavior of the 
adaptive filter. The selection of I_L is critical for the LMS algorithm. Although a small p (small 
compared to the reciprocal of the input signal strength) will ensure only small misadjustments in 
steady state, the algorithm will converge slowly and may therefore not track the nonstationary 
behavior of the user well. On the other hand, a large p will in general provide faster convergence 
and better tracking capabilities at the cost of higher misadjustments. 
2.5. Character Recognition 
After a tone element has been identified as a dot or a dash in the tone recognition section, it 
is sent to the tone buffer. Once a character space value exists in the tone buffer, the tone buffer 
elements are sent to character recognition. If the recognized character set matches a code set 
from the Morse code table, it is directly translated from the Morse code table. Otherwise, it has 
to be translated by minimum distance calculation. Each tone element value in an unknown tone 
element set is divided by the tone-base of the previous tone element set, and. then the distance 
between each tone value and the code elements in each character of the Morse code table is 
calculated. The character with the minimum Euclidean distance is chosen as the value for the 
unidentified character. The procedure used to determine the minimum Euclidean distance method 
is the following. First, each tone element ej(zi) is divided by the tone-base, ej(zi)/tone_base, 
for j = 1 N n. Then, the roots of the sum of the square distances between the new tone element 
ej(si) and the character of the Morse table are calculated. The character in the Morse code table 
that has the shortest Euclidean distance is chosen as the unidentified character. 
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3. RESULTS AND DISCUSSION 
Many individuals with motoric and/or sensory disabilities are using newly developed adapted- 
access software programs, hardware peripherals, and learning methods that allow them to use 
microprocessor devices via Morse code input systems from switches external to the computer. 
Even with limited movement or sensory capabilities, people around the world are successfully 
operating computers and other devices via adapted switching mechanisms and Morse code emu- 
lation of keyboard input functions. Research and clinical experiments are indicating that the fast 
input rate and low level of physical exertion inherent in a Morse code input system can make it a 
viable and competitive method of microprocessor control for many persons with disabilities. This 
alternative computer access method gives physically disabled users the ability of speech output, 
writing, typing, dialing, use of graphics, and music, and other modes of expression [15]. 
To investigate the efficiency of the proposed method, three groups of test problems were tested. 
Testing data were collected from three participants. Each participant typed 100 characters in 
15 test samples, which are numbered DisOl to Dis15 in Table 1. An 8051 single chip is adopted 
to handle communication between the press-button processing and the personal computer. This 
recognition system is implemented using the Borland C++ Builder 4.0, Windows version. 
Participant 1 was a lCyear-old male adolescent who has been diagnosed with cerebral palsy. 
His voluntary movements were accessible, but an initial delay was evident before the movement 
was initiated. The involuntary movement partially disrupted his volitional movement, thus mak- 
ing it uncoordinated. An IQ (intelligent quotient) test showed his intelligence to be normal. 
Table 1. Number of matches (out of 100) by three test participants (Pl-P3) with 
physical disabilities on test problems. 
Legend: 
LS: Luo and Shih’s method [3]. 
SL: Shih and Luo’s method [4]. 
NEW: the newly proposed method. 
Pl: participant 1. 
P2: participant 2. 
P3: participant 3. 
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Although his hearing and cognitive abilities were normal, he did exhibit marked speech difficul- 
ties. Participant 2 was a 14year-old female adolescent with cerebral palsy, athetoid type, who 
experiences involuntary movements of all her limbs. The involuntary motion is increased when 
she is excited. Her intelligence is relatively high, but dysarthria is noted, resulting in difficulty 
of verbal communication. Participant 3 was a IO-year-old male adult, with a spinal cord injury 
and incomplete quadriparesis due to an accident. His right wrist is limited in its functions and 
his individual finger movement is also limited, which results in dysfunctional hand movement. 
The sensation in both of his upper extremities is well preserved, and his intellect and ability to 
verbally communicate are as good as before the accident. 
In 1996, Luo and Shih (LS) [3] developed a Morse code recognition system by using an adap 
tive technique, a least-mean square (LMS) algorithm. The results of the IS method revealed 
that their system could successfully recognize Morse code messages under unstable typing (in- 
put) conditions, as long as the speed variation was limited to a relatively narrow range. If the 
typing speed change was outside of the limitations, the LS system could not produce an accurate 
recognition. This means that the recognition rate of the LS system is unacceptably low due to 
character separation or matching errors. Therefore, a year later, Shih and Luo (SL) tried to 
improve the system by using LMS and character-by-character matching algorithms. The results 
of the SL method showed that the improved system increased the recognition rate by more than 
three times compared to the LS method. To further increase the recognition rate, this study 
offers an advanced recognition method, which combines a LMS algorithm with an adaptive tech- 
nique. The recognition rate of the method proposed in this study was compared to the other two 
methods. 
As can be expected, the LS method showed the poorest number of matches of the three tested 
methods. Although the LS method has been successfully applied to unstable-speed Morse code 
time series analysis, the typing (input) speed from one character to another could not be raised 
by a factor of more than two nor slowed to less than 0.67 of the preceding character’s typing 
speed. Figure 3 shows that the method proposed here had the highest number of matches in all 
cases. The average number of matches for LS, SL, and the proposed method were 21.69, 73.46, 
and 83.07, respectively. Following are some possible explanations as to why a higher recognition 
rate could be obtained with the method proposed in this study. According to the definition of 
Morse code, the tone ratio of dot to dash has to be 1 : 3. A Morse code time series is generally 
an unstable one, unstable in speed and/or in rate. Maintaining precise intervals is a difficult 
task even for people who are not physically handicapped, and even more so for persons with 
physical disabilities. An unstable typing speed or rate might generate two kinds of errors: space 
recognition errors or tone recognition errors. The recognition part of Shih and Luo [4] focuses on 
character-by-character recognition with a matching technique, while the proposed method here is 
designed to recognize the Morse code element-by-element. Generally speaking, a person’s typing 
rate is constant over a short period. That is, the person’s present typing rate is similar to the 
typing rate of the immediately preceding several words. Because each person has an individual 
typing speed, the dot and dash values cannot be set to a default value. Therefore, in this study, 
the dot-base, dash-base, and tone-base were recalculated and adjusted every time when a tone 
element was read in to predict the next space and tone lengths. 
Two statistical tests, the Friedman test and a multiple comparison approach, were used for 
comparison. The Friedman test was used to test whether the number of total matches of different 
recognition methods was equal. The multiple comparison approach was used to determine which 
method had a significantly different median total matches if the Friedman test was rejected. 
3.1. Friedman Test 
The Friedman test is a nonparametric counterpart to the parametric two-way analysis of vari- 
ance test and was used to compare the total matches of the recognition methods when the 
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3 6 II I2 13 
q Ls:Luo and Shih’s method[3] n SL:Shih and Luo’s methcd[4] q NEW:the method proposed inthis study 
Figure 3. Accuracy comparison (in %) across the three methods for 15 problems. 
distribution of the underlying population was not specified. The hypothesis being tested was 
that all the methods had equal median total matches, the alternative hypothesis being that all 
methods did not have equal median total matches. 
Let Rij be the rank (from 1 to Ic) assigned to method j on problem i. It will equal 1 if it is the 
lowest value among the methods. In the case of ties, average ranks are used. The test statistic is 
defined by 
where 
Af-Bf ’ 
Rj = cR;j, forj=1,2 ,..., k, 
i=l 
The null hypothesis is rejected at the (Y significance level if the value of the test statistic exceeds 
the 1 - QI quantile of the F-distribution with Ic - 1 and (n - l)(lc - 1) degrees of freedom. We 
illustrate the Friedman test in the data in Table 1 (n = 15 and Ic = 3). The calculated value 
of Tf = 404.60 is greater than the critical value of Fo.05(2,28) = 3.34. We rejected the null 
hypothesis that all the methods had the same median total matches at the 0.05 significance level. 
3.2. Multiple Comparison Approach 
The multiple comparison approach was used to determine which method had significantly 
different median total matches. Methods i and j are considered different if the following inequality 
is satisfied: 
Ri, Rj , At, and Bf were given previously, and t(cr/2) is a critical value on the t-table using 
(n - 1)(/c - 1) degrees of freedom (a/2) = P(t > t(a/2)). The total matches of the three methods 
were ordered in an array, and a rank was assigned to each corresponding value according to its 
order. The rank sums of NEW, SL, and LS were 45.0, 30.0, and 15.0. According to this statistical 
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procedure, if the rank sums of any two methods are greater than 2.15 units apart (with cr = 0.05), 
they might be regarded as having unequal median total matches. The results of the two tests 
indicate that the proposed method is statistically superior to both the SL and the LS method. 
4. CONCLUSIONS 
In this study, Morse code was investigated as an adapted communication tool for persons with 
impaired hand coordination and dexterity. An improved entry method with a higher system 
character recognition rate is important for these persons because maintaining a stable switch 
activation rate is a challenge for many persons with disabilities. We experimented with LMS 
algorithms and a new adjustment method for the adaptive Morse code recognition problem for 
disabled persons. Statistical analyses demonstrated that the recognition rate of the proposed 
method is superior to alternative methods from the literature [3,4]. Thus, this proposed method 
provides a better system character recognition rate for a person with disabilities who uses Morse 
code as a communication tool. Applying other adaptive algorithms to recognize Morse code 
entered in an imprecise manner will be discussed in a further phase of this project. 
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